DURING recent years many lines of research have been initiated with a view to discover the conditions under which epidemics of plague develop. This research has resulted in the accumulation of much information of considerable value from the point of view of quantitative epidemiology. Though the data are defective in many particulars (for instance the biology of fleas has been investigated in Poonah and that of rats in Bombay) in certain respects they are yet the most complete at the present moment in regard to a disease that is mediately spread and on that account merit careful criticism. The data are contained in a large number of reports published in recent years. As it has been found impossible to make the necessary mathematical calculations with regard to the whole data published, the data considered in this communication are chiefly derived from the series of ten
at by other investigators in relation to the evidence obtained from the calculations made with regard to the many epidemics of plague discussed in this communication. Up to the present moment, in spite of the immense literature relating to zymotic disease in general, far too little attention has been paid to the study of the quantitative relationships which hold in epidemics. Without an extensive preliminary survey of these relationships no progress can be made.
What kind of preliminary survey then is required ? Two main lines' of investigation are open: one direct or observational, the other indirect or deductive. In the former case observations widely collected must be submitted to some kind of mathematical treatment, not necessarily in the first instance very recondite. From these observations the forms of epidemics which are common will appear, and the differences which may be found to occur in epidemics of the same and different diseases may become apparent. It may also be determined from the same data whether epidemics occur periodically or not and also the influence which such agents as temperature, humidity, &c., exercise on the progress of epidemics. In the second case different laws of infectivity may be assumed, and by calcltlation based on these and on the number of individuals available for infection, epidemic forms may be derived. In this way the consequences following on any hypothesis may be investigated and compared with the facts. In both these fields there is room for many workers, as the spade work necessary for safe induction has hardly yet passed the stage of a first approximation.
A special caution is here necessary. It might be thought that when the form or forms of the epidemic wave had been discovered by actual observation that these forms would necessarily throw some light upon epidemic laws in general. Unfortunately this hope has proved vain. Forms of epidemic wave indistinguishable statistically from those actually found arise on at least four different hypotheses. The fact that some of these hypotheses, though manifestly inapplicable to the particular cases considered, nevertheless graduate the data most successfully must " give us pause."
In the succeeding discussion I do not wish to introduce any unnecessary mathematics but there are one or two quantities which I must use and must therefore explain. One of these is the well known standard deviation which is fundamental in the theory of all distributions and which describes to a certain extent the relative form of such distributions. It is usually denoted by the Greek letter o-.
Section of Epidemiology and State Medicine
If two curves are being compared that curve possessing the higher value of ois flatter and more extended. The standard deviation, as will be seen, furnishes an aid in differentiating between the epidemiological theories. Two further constants are required; they are both denoted by the Greek letter / and are distinguished by 81 and /82. This is the notation originally given by Professor Pearson, a notation which has come into constant use. By these two constants certain properties of curves can be conveniently described in a manner suitable for comparison.
The first constant ,81 describes the degree of symmetry or asymmetry possessed by a curve. If 81 is small in value, the curve is very nearly symmetrical. As the value of 81 increases the curve becomes more and more asymmetrical. A series of values of 81 referring to a series of epidemics thus describes roughly the degree of symmetry or asymmetry present in each case. For the normal curve of error, and for any perfectly symmetrical curve 1= -0.
The constant 82 fulfils a different function and describes the form of the curve. In the case of the normal curve of error /82 -3.
As A32 increases in value the curve becomes narrower and with a higher curvature at the apex than the normal curve, while if /32 falls below 3 the curve becomes broader and flatter at the apex. In plague the curve which describes the epidemic is in almost every case the curve which has been called by Professor Pearson Type IV. The equation of the curve in its most general form is-
but in most cases the curve assumes a symmetrical form and the equation then reduces to-M ( + a) This curve has at present no name, but provisionally I propose to give it the name of the " epidemic curve " as this curve may arise on almost any epidemic theory which has hitherto been advanced.
In this curve /32 is regularly greater than 3, and if R/ is greater than zero, 2 -3 /1 -6 is also greater than zero. Brownlee: Theory of Epidemiology and Plague Theories of Epidemics.
Of the hypotheses on which a theory of epidemics can be based, it is only necessary for the present purpose to mention two.
(1) Let it be assumed that the infecting power at any particular moment is in proportion to the number of acute cases of the disease and that the infectivity of the organism remains constant., According to the value of the constant describing the infecting power, a series of epidemic waves can be calculated which in the first instance resemble closely the normal curve of error and change as the infectivity increases to the asymmetrical form of the " epidemic curve." In all cases these curves exhibit a more rapid fall than rise. On this hypothesis an epidemic comes to an end because with each extension of the disease thq susceptible individuals become so much diluted by the insusceptible, that is, by those who have succumbed to the infection, that the former no longer constitute a sufficiently large proportion of the total population to permit the spread of the infection. After this point has been reached only a few sporadic cases of the disease can occur. On this theory, the form of the epidemic curve changes, as the power of infecting on the part of the organism increases, in such a way that the value of 8, also increases. Thus, taking the whole number of susceptible persons as 1,000, and assuming that on an average each infected unit infects 1,4 units, the value of 182 iS "3 3" This value rises continuously as the infectivity increases, being equal to " 4," when each infected unit is aLssumed capable of' infecting two others. In the first instance the curve is nearly symmetrical; in the second instance81 /-0 4, a figure indicating considerable asymmetry, the asymmetry in this instance being of the nature that the decline of the epidemic is more rapid than the rise. This asymmetry increases further as the infectivity increases.'
(2) On the second theory the hypothesis by which an epidemic is explained is fundamentally different. It is assumed that in general an epidemic ends because the organism loses infective power. In the particular form of the theory developed by myself the infective power is described at any instant by the terms of a geometrical progression. In other words, the organism producing the epidemic loses infecting -power according to the law of a monomolecular reaction. In this case, no matter what the power of infecting may be initially, 12 is always I To be modified by the results of Theorem VI, Appendix (p. 120), a theorem not discovered -when this was written.
at SAGE Publications on June 21, 2016 jrs.sagepub.com Downloaded from Section of Epidemiology and State Medicine equal to 3. Increase in the value of I82 is explained as due to the concentration of the infecting agent. Many cases of the disease on this theory tend to infect to a greater extent than the mere actual number of infecting agents would require. That such a view is tenable is shown by the manner in which the death-rate varies with the density of the population. Applying the same law which has been found to hold for the relationship between the density and the death-rate the form of the epidemic curves observed can be easily obtained. Large values of /82 can thus be explained as due to the increasing importance of the concentration of the infecting agent.
(3) Both these theories may be combined, but when combined the importance of the second is so much the greater that the influence of the first may be practically ignored.
Plague, a Test of Epidemiological Theory.
As a test of these theories plague offers some special advantages. The epidemiology is very complex. The disease depends firstly on the plague bacillus, an organism subject to biological variations, as are all other organisms. In many cases these variations must be of a very profound character, though they may be far from easily observable under the artificial conditions of laboratory experiments. Secondly, there is the rat or the marmot, the natural hosts of the plague bacillus. Thirdly, there is the flea, which conveys the parasiteh from animal to animal, and as a secondary phenomenon from animal to man, man being capable of infection by the plague bacillus mediately through the flea equally with the rat.
The biology of a plague epidemic thus involves many issues, but that is not necessarily a drawback. Though the general epidemiological problem must be assumed essentially similar whether a disease attacks animal or man, yet in this instance there is a great difference between the epizootic and the epidemic, for while the flea can transmit plague from rat to rat, or from rat to man, it is generally agreed that the communication of plague from man to man hardly occurs in this way. The form of the curve of the epidemic in man being thus largely independent of man himself may be found to throw some light on the wetiological interpretations.
In my view epidemics are best studied in great cities. In such cities there is a very large number of susceptible persons, so that an epidemic may reasonably be considered as running independently of the 89 at SAGE Publications on June 21, 2016 jrs.sagepub.com Downloaded from exhaustion in the number of such persons. The basis on which the theoretical form of the epidemic may be developed is thus much simplified. Further, in large cities the progress of the epidemic cannot be altered to any very great extent by the removal of a large proportion of the total population to an uninfected site, as is frequently done in villages. Even in the great epidemic of plague in London in 1665, in which possibly one-tenth of the population perished, the emigration, though very considerable, was not on a sufficiently large scale to alter fundamentally the progress of the epidemic. Further, in large towns the statistics are in general more trustworthy, and even when the figures regarding the number of deaths from plague are not quite trustworthy the fact that the returns of the deaths from all causes are also publishedaffordsa certain -check on the figures which refer to the deaths from plague. Holding this view it is natural that the phenomena observed in great towns or cities should in the first place be considered.
The earliest epidemics of which sufficient records exist regarding their progress from start to finish are those of the City of London. These records begin in the year 1563, and continue more or less intermittently till the latest outbreak of plague in the year 1665X. The chief epidemics during the period occurred in the years 1563, 1593, 1603, 1625, 1635 and 1665. Of the records included in this series those referring to the year 1593 are unfortunately quite untrustworthy. The number of deaths ascribed to plague varies in an extremely arbitrary manner, and when the number of deaths due to plague is compared with the number of deaths due to all other causes no correspondence can be made out. In addition, the figures relating to the deaths from all causes, apart from plague, suggest that some other epidemic besides plague was present in the later part of the year. The figures for the year 1635 also have been rejected. This epidemic is small in comparison with the rest, while during the decline of the epidemic a recrudescence occurred. It must therefore be considered as consisting of a mixture of two epidemics. And such a mixture is at the present moment incapable of analysis. In this case, however, it may be remarked there is no indication that the figures are not trustworthy, as the deaths ascribed to all other causes and the deaths ascribed to plague vary in a manner which is quite within the limits of random -error. Four epidemics are thus left for consideration. As I have shown before, the curve which describes the type of epidemic in many diseases most accurately is the symmetrical form of the curve described Section of Epidenmiology and State Medicineby Professor Pearson under the heading of Type IV and which I have just proposed to call the "epidemic curve." In the present case this may be said to be true, the four solitary epidemics considered being in two cases described with great accuracy, and in the other two with very fair accuracy. All these curves are very nearly symmetrical. In the last instance this opinion is contrary to that implied in my first paper on this subject. In the calculations made in that paper the constants of the epidemic of plague in London in the year 1665 definitely show the epidemic to be asymmetrical, but on a re-examination of the figures it appears that the asymmetry formerly calculated is due to the defective attribution of the deaths during the later portion of the epidemic to their proper causes. The number ascribed to plague as given in the statistics is a greater proportion of the total number of deaths from all causes than is justified by the statistics of other years. When due allowance is made for this error the asymmetry disappears. As a correction such as this should not be rashly made, I do not insist upon its acceptance. When, however, it is noted that during the latter months of the year 1664 and the earlier months of the year 1665 the weekly number of deaths before the epidemic of plague began is in no instance less than 300, which is a minimum, and rises as high as 470; that from the end of October to the middle of November of the year 1665, the same excess of the deaths from all causes over those from plague exists; and that in the latter end of November and the beginning of December the excess is only about half, or 200 a week, it is obvious that some correction must be made. To assume that the last figure should be somewhere between 350 and 400 is, I think, legitimate.
It is a far cry from the year 1665 to the nineteenth century, but I have not come across any statistics of the number of deaths from plague described serially in periods of time in any large city between that date and 1835, when a series of outbreaks occurred in Alexandria. Of these outbreaks three were of considerable size, and of these three one is definitely symmetrical.
With the outbreak of plague in the East at the end of last century the data become very numerous. Calculations of the value of 81 and ,/.2 have been made for more than one hundred epidemics occurring during the last twenty-five years in the cities of Hong-Kong, Calcutta, Bombay, Poonah, Belgaum, Allahabad, and various other towns.
The values of these constants are given in the accompanying table for each individual epidemic (Table I) . These values as thus given cannot be considered as the sole criterion. In an epidemic of any disease, 91 at SAGE Publications on June 21, 2016 jrs.sagepub.com Downloaded from 3-827 even if the typical epidemics were symmetrical, symmetry could not be expected as a regular phenomenon. Owing to action of chance asymmetry must occur more or less frequently. Thus the rise of an epidemic might be more prolonged than the decline, and, opn the other hand, the decline of the epidemic might be more prolonged than the rise if, in the first instance, the extension of the epidemic from densely crowded districts to less crowded districts occurred during the decline of the epidemic, or in the second instance if a densely crowded area were invaded at a late stage. The test of asymmetry will thus not rest on the form of any individual epidemic, but, if the data in regard to epidemics of similar size in the same place are combined it should be possible to observe. whether the constants of the combined epidemics exhibited more or less approach to symmetry. The easiest way in which this can be effected is to compound the various moments round the London , ,
Alexandria
.,
JhaUnsi at SAGE Publications on June 21, 2016 jrs.sagepub.com Downloaded from mean of each epidemic for a series of years in a definite place. This has been done, and the results of the various combinations are given in the table (Table II) . It is found by this means that epidemics are as often asymmetrical on the one side as on the other, and it is further found that the compound epidemics are practically in every case almost absolutely symmetrical, the value of /B1 not exceeding 002. On the whole the decline of the epidemic is, if anything, slightly more rapid than its rise. From these examples I think it therefore may be taken that in large cities, at least as exemplified by the cities referred to, epidemics of plague among man run a course described fairly accurately by the " epidemic curve." 
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Plagute in Rats.
The problem of the epizo6tic in rats has aspects of importance of a quite different character. The most extensive data relate to* the epizo6tic in rats in the city of Bombay, and the first part of the present discussion is based on these figures. The rat population in Bombay is formed of two types of rat, the black and the brown, the former as estimated by the relative frequency with which the two species are caught in traps being in proportion of about seven to three of the latter.
The black rat is essentially a house rat and inhabits all houses, even the better class bungalows' from floor to roof. The brown rat, on the other hand, frequents the basements and the sewers and in no case has it been caught in traps placed in positions above the third floor. Both rats, but to some extent specially the black rat, are thus in direct relationship with man. In spite of the preponderance of black rats, the brown is much more frequently affected with plague than the black. This opinion is based not merely on the much greater frequency with which brown rats collected dead are found to have suffered from plague, a fact open to possibly different interpretation on account of the different habits of the species, but specially upon the fact that among those trapped alive more brown rats are found to be affected with acute plague, while the lesions considered to be sufficient to demonstrate the -existence of resolving and resolved plague are much more common among the brown than among the black rat. The different observations indicate that the proportion of brown rats affected by plague is at least two and a half times that of the black rats. Extreme accuracy for the present purpose is not necessary in this matter, the differences recorded being sufficiently large to demand very special differences in the epizoology of plague in the two species affected.
The season of the year in which plague chiefly affects rats in Bombay extends from February to May, during which the main mortality occurs. A slight recrudescence of rat plague sometimes takes place in the latter part of the year, but this is not sufficiently frequent nor sufficiently great to entitle it to rank as a regular phenomenon. Further the evidence is nearly complete that plague is constantly present in Bombay as an endemic disease among rats. The epidemic may therefore be regarded as produced locally and not as the result of the introduction of new infection. A curious point falls to be noted that though the epizootic first develops itself in the brown rat the black rat seems to be the chief means of carrying the disease during the inter-epizootic stage.
One other very important factor remains to be noted. Though the mortality from plague during the height of the epizo6tic is very considerable only one-fourth of the rats found dead at this period are considered to have died of plague. The epoch of the plague epizobtic is quite evidently also the epoch of other epizootics of a combined importance much greater than that due to plague. This fact, if it be a fact, must be remembered when the problem of the epizoology of plague among rats is statistically treated. It brings a large possibility of error into the statistical differentiation of epidemiological theory but the error may be successfully estimated.
This view of the presence of other epizootics is confirmed in another way. When plague attacks a town the number of rats caught per trap gradually falls. In the case of Belgaum the fall in an instance given is from thirty-three rats per 100 traps to about fifteen. This phenomenon has been ascribed to mortality from plague but it also occurs in the absence of plague and has been observed in Madras to nearly the same extent. If the fall in numbers trapped is really the result of mortality among rats then the mortality must be largely independent of plague.
The data relating to plague among rats in Bombay are of two kinds. During the year 1905-06 the epizootics in both rats were recorded for twelve different districts of the city. For the succeeding five years the published figures' relate only to the city as a whole and these figures give the number of plague-infected rats of both species in each half month. Considering first the range of date of the epizootic it is found *that in Bombay for these years in all cases the epizootic for black and brown rats alike is essentially confined between the limits extending from the middle of December to the end of June. To determine the maximum the mean of the epizobtic in the two species of rat has been calculated by the usual methods. As will appear the mean and the maximum in these cases nearly coincide.
In the year 1906 the mean of the epizootic of plague in the black rat was nine days later than in the brown, in 1909, 4.5 days later, in the year following-namely, 1910-2'6 days earlier, and in the year 1911, the last for which statistics exist, the mean of the epizootic among the black rat was again three days later than that among the 'brown. The average difference for the four years is thus only three and a half days. The difference found is much less than that published referring to the year 1906 which amounted to seventeen days. It is unfortunate that this result as established earlier has been taken as expressing general experience. This point is referred to later.
The values of 81 and 02, as fundamental constants of the epidemic,
give some further information and are best studied first in the data referring to the year 1906 (Table III) . For this year the data referring to twelve different districts in Bombay have been published. It is found that for both species of rat two-thirds of the epizootic curves found in the different districts of the city are symmetrical and further that for both types of rat the epizootic curves for the whole city are essentially symmetrical. In this regard no difference ex.ists between the epizo6tics. In the values of /89 however a distinct difference is seen. For the city as a whole the value of /82 for the brown rat is 3'50, as against 3'16 for the black rat, figures expressing some profound difference in the method or means of spread of the epizootics. When the data for the different districts are considered it is found that though considerable variations in the value of /82 occur, there is very high correlation (0'76) between the values of /82 as obtained by calculation for the epizootics of the brown and black rats. The same close correlation is found for the years 1908-11 between the epizootics among the brown and black rats when the whole city of Bombay is considered (Table IV) . The values of /82 are however not strictly comparable with those given above, as in the present case many rats are recorded as having died of plague during the inter-epizo6tic period. The base line thus never approaches zero. If no allowance is made for this, and in the present instance none has been made, it follows that the values of /2 calculated are too small when compared with those given above. The correlation between the value of /2 in the epizo6tics of the brown and black rat is in this case 0'9, being greater than that previously given. Further the constant 81 is nearly equal to zero in all cases, showing that both epizootics are symmetrical, or in other words, the maximum and the mean are identical. So far it has been shown that the form of the epizootic in the black and brown rats are essentially different; that the black rat in Bombay is more than twice as common as the brown rat ; that the percentage of the black rat developing plague is only about half that of the brown rat and that the main mortality among rats which causes the fall in the number of rats in the latter part of the year is not due to plague but is independent of plague.
One further feature requires question, and that is how far the rat population is rendered temporarily immune to plague after the epizootic. The evidence regarding this is slight, but a small number of experiments referring to twenty-nine animals in the first instance, and to forty-six in the second, have been made. The former experiments were performed during the epizootic and the latter during the post-epizootic period. The respective number of deaths were in the former case 555 per cent., and in the latter case 28 per cent. of the infected animals. If the results of this experiment hold generally it may be concluded that only about half of the susceptible rats develop the disease in any epidemic. Such later experiments as have been made give the same range of values, so that these proportions may be taken as a basis of discussion.
Three theories of the cessation of the epizootic of plague in the rat are possible: Firstly, that it dies out from lack of sufficient numbers of susceptible rats; secondly, that the infectivity of the plague organism decreases; and, thirdly, that some disadvantageous circumstance, such as unsuitable weather conditions, so far reduces the number of fleas as to determine the end of the epizootic. The third theory presents great difficulties for the reason that the epidemic in man has its maximum about seventeen days later than the epizootic in rats, and the epidemic in man is admittedly spread by fleas which are derived from the rat. The absence of a sufficient number of 'vermin can hardly be given' as the reason for the decline of the epizootic in rats without some attempt to explain why the same coniditions affect rats and man differently.
The other two theories remain to be discussed. On the theory that the epizootic dies out from want of a sufficient number of susceptible rats, it must be shown that statistically this is compatible with the facts. The data are simple: On the one band, after the epidemic of plague is over, about a third to a half of the rats at least are found to be still susceptible to plague; secondly, the proportion of black rats affected is only about one-half that of the brown rats. As the evidence is in favour of equal susceptibility to plague in both species under like conditions of infection, this difference must be due to the facilities for infection being smaller in the case of the black rat than of the brown rat, and has been explained on the ground of the observed fact that the number of fleas on the brown rat is twice as great as that on the black rat. Either of the sets of facts regarding the black or brown rats might easily be explained on the theory that the epizo6tic ends because the population of susceptible rats is not sufficient to maintain it. As far as I can see, however, at the present moment, the data regarding the two epizootics are not easily adjusted so as to be mutually reconcilable. In the appendix I give a diagram (Diagram A) with a table of constants of the forms of epidemics which may occur on this hypothesis. The constants include the infectivity assumed, the values of 81 and I82, the number of susceptible units out of each initial thousand units remaining uninfected at the end of the epizootic and the standard deviation. The form of the epidemic among the brown rats closely corresponds to that shown in the diagram as being due to an infectivity per infected unit of 1'6, the value of 81 being in this case small, the value of /2 3'58, approximately that given by the observations, namely, 3T50, and the proportion of susceptible units left uninfected, 30 per cent. of the original number, a number sufficiently close to the facts for all practical purposes. If it is now assumed that owing to inferior power of transmission of the disease a lower degree of infectivity exists among the black rats, and that the proportion of black rats affected is half that of the brown rats, the infectivity among the black rats must be in the neighbourhood of 1P2, which would satisfy the conditions-namely, 1 = 0, 82 3'16, and the percentage left 60. The epidemic in the black rat would however require to have a standard deviation in proportion to that of the brown rat of 84 to 3'2, whereas the actual values are respectively 2'53 and 2>45. Further, if the theory held, the epidemic in the black rat would culminate very much later than that in the brown, unless some other circumstance interfered to suddenly terminate the epizootic. But such a sudden termination of the epizootic implies great asymmetry, and the data are in direct opposition to the possibility of this great asymmetry.
Closer approximations to the maxima of the two epidemics in time might be found by taking the infectivity among the brown rats as initially higher, but in this case 81 and /2 assume higher values, values quite out of the range of those found from the statistics.
On the other hand, on the theory of the loss of infectivity on the part of the infecting organism the whole facts are easily explicable. It furnishes an explanation of the symmetry and also of the near synchronism of the two epizootics, while the difference in the number of fleas provides a basis for expecting that the concentration factor already alluded to should be different in the epizootics of the brown and black rat.
Periodicity in Plagque Epidenuics.
The form of the plague epidemics and epizootics as existing in a number of large towns have thus been determined. The question as to whether these epidemics are in any way periodic must now be investigated before any estimate of the effect of elements such as the weather can be discussed. Such periodicities undoubtedly exist in many other diseases. Sometimes these periodicities conform exactly to the solar year, in which case no conclusions can be drawn. In other cases, however, the average interval between the epidemics is quite distinct from the solar year. Thus in Liverpool the two chief periodicities in the epidemics of measles are of lengths respectively ninety-two and one hundred weeks. In other places periods even closer to the solar year exist without there being any evidence that the periods are dependent on the year itself. This phenomenon is exceedingly common in plague, and is too obvious not to have received discussion, but it does not seem hitherto to have been regarded as possible that the change of the season of the epidemic was possibly due to some property in the life-history of the organism. Probably one of the reasons why more attention has not been paid to this subject is that in only a small number of cases are the data available for more than a short series of years, the present epidemic prevalence of plague dating back not mnuch more than twentyfive years. In such places as Hong-Kong, in which the statistics exist since the year 1895, the periodicity seems almost exactLy a solar year.
One of the first things, however, that strikes the observer with regard to the Bombay epidemics is that from the commencement of the epidemics in 1896 to the present day the date of the mean of the epidemics, though oscillating backwards and forwards, has been steadily becoming later and later in the year, though the difference in date of the mean during the seventeen years observed is little more than fifty days. This phenomenon is shown in the diagram (Diagram 1). In this diagram the ordinates give the number of days from the commencement of February, at which the mean.occurs, corresponding to the years given by the abscissae. A straight line has been drawn through the observations to indicate their general trend.
A further important instance refers to Poonah. In this case the period between the different epidemics is on an average somewhat more than two months greater than a year. The diagram (Diagram II) in this case shows the course of the plague epidemic in Poonah from 1899-1909. The point in each epidemic at which the mean of the epidemic might be expected to occur is indicated by a black circle. It would seem that the weather conditions in Poonah are such as to make an epidemic in. the early months of summer nearly impossible. A break might be expected to occur at this point, and if the unfavourable circumstance present at this time did not result in the destruction of the special type of organism to which the series of outbreaks was due, it might also be expected that when the period of the life-history again coincided with a suitable season the epidemic would reappear. I think that the facts exhibited in this diagram confirm this view, and that the coincidence of fact with theory is too striking to be due to chance. The period in this case is almost exactly 6165 weeks. The next example of the same phenomenon is chosen from older epidemiology. In the accompanying diagram (Diagram III) a similar phen.omenon is shown for London for the years 1637-46. The statistics for two years are absent in this case,,but the phenomenon for the years for which statistics exist are quite definitely explainable on this hypothesis. The same remarks apply also with regard to Cawnpore and Calcutta. The periodicity is not necessarily more than a year, but may be less, and this phenomenon is shown in the accompanying diagram (Diagram IV) which illustrates the progress of the epizootic in rats in the town of Sydney, in which the epizootic tended to occur earlier and earlier every year, while in this case it would appear as though there were disease it is found that a period may be very regularly present for a series of eight or ten years, may then apparently disappear to reappear sometime later. Thus the epidemics expected to occur in London associated-i with the chief periodicity in that city-namely, that of ninety-seven weeks-have at different times been absent for periods of seven or eight years to reappear again in the place expected.
In London there seem to be several strains of the organism associated with different periodicities and during the last seventy years epidemuics due to one or other of these strains seem to take up the place of the chief epidemic for a time. The same kind of remarks apply to the 7
Weather and Plague. The relation of weather to plague must now be briefly touched upon, but anything like a complete discussion is not possible. There is no doubt at all that epidemics of plague may occur in almost any kind of weather. Severe epidemics have broken out in Europe during the 105) coldest winters and, in certain parts of India, during the hottest and driest seasons, but such extremes must be considered the exception and not the rule. Both hot and cold weather undoubtedly limit the potentiality of the epidemic prevalence of plague. Within, however, a wide range of temperature, outbreaks of plague may occur. The limits cannot be accurately defined, but probably great epidemics of plague are possible in all zones between which the mean summer temperature ranges from 50O F. to 80 F. More important than temperature seems to be humidity. Of the effectiveness of this there is no doubt. It is agreed that the reason for this is to be found in the bionomics of the flea. For the satisfactory development of the flea in all stages from the egg to the perfect Insect a certain degree of humidity is necessary. In addition, fleas deserting a dying or dead host are able to live without food in humid weather for considerably longer than in dry weather. It is obvious therefore that, except under special conditions, it is unlikely that epidemics will occur at seasons of the year when the flea population is at a minimum. All this is sufficiently well recognized through the work of the Plague Commission anqd need not be further discussed.
Quantitative estimations of the relationship of humidity to temperature have not hitherto been made. In some districts, however, a very close connexion between plague and hum-6idity can easily be shown. For this. purpose the data given in the last Plague Supplement regarding towns and districts in the United Provinces have been used. Unfortunately weather data are only available for ten of the towns in these provinces alnd some of these towns are not of special size.
Contrary to the experience of this country, where there is practically no correlation between the humidity and rainfall of months which are not contiguous (for example the temperature and rainfall in the month of March are almost independent of those in January), in the United Provinces this want of correlation is not present. Thus the humidity of November is cortelated very highly with that of the succeeding months and even at a distance of five months the correlation between the humidity of November and that of March is about 0'7.. As epidemics occur in the United Provinces largely in the earlier months of the year it follows that this condition opens up a means of determining if there is any quantitative relationship between the humidity and amount of plague in the following spring. The humidity of November has been taken as the standard on account of the close association of this month.with the humidity in the following months.
It is found that the logarithm of the size of an epidemic is in almost direct linear relationship with the degree of humidity. This is shown in the diagam (Diagram VI) for the town of Allahabad. This illustration is given for two reasons: Firstly, the town is of considerable size and during the period in question has never been free from plague; secondly, the disease has occurred essentially at the same season of the year during the period-under review whether the epidemic was large or small. The difficulty due to variation of seasonal incidence does not therefore arise. The correlation between the logarithmn of the amount of plague and humidity is in these cases very high, being in the neighbourhood of Or9, so that for these towns the relationship is too close to be questioned. A like high correlation also exists for Cawnpore, the correlation coefficient being again O'91. This instance, however, is -not so good as that of Allahabad, as the interval between the different epidemics is not that of the solar year but rather greater. The correspondence found must therefore be questioned as partly, though not wholly, accidental. For Benares and Bahraich the correlation is nearly as high, while for the other four towns investigated, Agra,. Lucknow, Bareilly and Manipur, the correlation varies from Brownlee: Theory of Epidemiogo#y adid Plague 0A45 to 0'60. In some of these cases a statistical difficulty arises which lowers the correlation. Working with a logarithm as one of the' variables the occurrence of a year with no plague, or with almost no plague, results in one of the observations, when spotted in a diagram, lying so far distant from the other observations that the correlation is very seriously affected, though there is no other reason for believing that the regression is not linear. This occurs in Benares and in Bahraich especially.
The exact meaning of this high correlation is not quite clear. The correlation is nearly as high when any month up to March is chosen instead of November, but as already stated the humidity of November seems to determine the humidity for the next five or six months. It is probable in this case that the continued deficiency of humidity acts as a consistent force depressing the vitality of the flea. 
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When the effect of a change of the weather on the course of an epidemic of plague is sought the difficulty must be faced that there is no means at present of determining the form the epidemic would take were the conditions favourable throughout. The effect has, however, been measured to some extent in one case. In four years the epidemics in Allahabad-were of sufficient size to allow the constants to be determined with some certainty. These epidemics occurred in the years 1903, 1905,1906 and 1907. In all four like conditions of humidity were present during the end of the preceding Wnd the beginning of the epidemic year. Two differences, however, were observed. The fall in the humidity as the yeair went on, the normal phenomenon in Allahabad, was in some of the years more rapid than in others, and in two instances the mean of the epidemic was much earli;er than that usually found.
It must be noted that this variation of the date, of the mean cannot at present be exp!ained. The constants ,81 and '82 were calculated for each of these epidemics. It is-found on examination of the values of 81 that there is an almost direct linear relationship between the date of the mean of the epidemic and the value of 81. The earlier the epidemic at SAGE Publications on June 21, 2016 jrs.sagepub.com Downloaded from Section of Epidemiology and State Medicine occurs, the more its course lies in the period where the conditions of humidity are not distinctly different, the more symhmetrical the epidemic is. If the epidemic occurs later in the year when the differences of huimnidity rapidly change in a manner adverse to the vitality of the' flea the epidemic becomes more and more asymmetrical. The evidence from Allahabad therefore supports the idea that even in this district the typical epidemic would be symmetrical if it occurred a little earlier in the year and that the asymmnetry is in this case due to the action of a specially inhibitory force acting to modify normal form. This view is rendered probable when it is considered that the symmetrical epidemics have occurred in neighbouring towns, such as Cawnpore, at seasons of the year when such epidemics might be reasonably expected.
In strong support of the view just advanced the statistics of Bombay may be taken. In this case, as has been shown before, the mean of the epidemic has been steadily advancing into the year since the epidemics first broke out. Associated with this change in the season of the year the size of the epidemnics has been consistently decreasing though, as is only natural in a case like this, there has been oscillation in the size of the epidemic from year to year. Considering the question of the influence of fleas and considering also that with the passage of the epidemics to a later part of the year a more prolonged period of dryness and high temperature exists before the epidemic begins, it is natural to expect that the number of cases in the epidemic will also consistently decrease. It may, perhaps, also be said that though the size of the epidemics becomes consistently smaller even in the more recent years a more humid year is associated with a somewhat larger epidemic than a year when the air is drier; the correlations however are very difficult to evaluate and any attempt to place this statement on a footing of rigid mathematics has been unsucceshsful.
Relation between the Form0 and the Si.e of thle EpidemRtic.
On the hypothesis that the decline of an epidemic is due to a diminution in the number of susceptible persons, the form of the epidemic is highly correlated with the number of cases. Reference to Table A in the appendix shows that as the percentage of those left uninfected at the end of the epidemic decreases the value of ,i continually increases and that a quite definite relation exists between the two quantities. Even if the method of calculation used be modified it is difficult to imagine that any other result would obtain.
On the second theory that the epidemic ends because of loss of infective power on the part of the infecting organisms as modified by the existence of a concentration factor it is also to be expected that a positive correlation will exist between '82 and the total number of cases in the epidemic. There is however no essential connexion in this case as there seems to be no a priori reason why the concentration factor should not vary independently of the power of infection. The point must be settled by observation and not by theory. Reference to the table (Table VI) shows that out of the five instances examined, in three high positive correlation coefficients are found, and in the other two negative coefficients. Of the latter only one is of considerable size, but the fact that negative coefficients arise is of great interest inasmuch as it proves the absence of essential connexion between the form of the epidemic and the amount. The same result might possibly be obtained on the first theory if we imagined the epidemic hurried to a close by some other factor, but in that case the increase in the value of I82 would be associated with a much higher degree of asymmetry than any found in the observations. The Relation between Plague in MAan and Plague in the Rat.
The relation of plague in man to that in the rat was investigated by Mr. Greenwood for the year 1905-06 in the city of Bombay by the method of the correlation coefficient, and the result he arrived at was that plague in man was more closely associated with plague in the black than with plague in the brown rat. While this result is undoubtedly correct for the year in question, its generality has not been borne out by observation in the subsequent years. Correlation coefficients have been calculated for each of the years 1907-11 between the number of deaths from plague in man and the number of deaths among the black and brown rats for the fortnight preceding. This interval has been chosen, as the date at which the maximum of the plague epidemic in man Section of Epidemiology and State Medicine 111 occurs is about seventeen days later than that at which the plague epidemic in the rat occurs. These coefficients are shown in the table (Table VII ). In addition certain partial correlation coefficients have been evaluated. It will be noted that the correlation between plague in man and plague in the black rat is, on the whole, slightly lower than that between plague in man and plague in the brown rat; but there is little difference between either of these correlations and the correlation between the amount of plague in the two species of rat. Partial correlation coefficients have been calculated in the usual way by assuming in turn that the size of each epidemic or epizootic remains constant, while those of the two others vary. These partial correlation coefficients vary in a sufficiently surprising manner. If anything can be deduced from them, it is that plague in man is related more to plague in the brown than in the black rat. I must confess, however, that the use of the method of partial correlation in this manner seems to me quite unjustifiable. As plague in man is due directly to infection from the rat in the great bulk of the cases, and as plague in man has no corresponding influence on plague in rats, such a mathematical application does not seem to have any root in fact. Examining specially the partial correlation coe;ficients between plague in man and the black rat, calculated on the hypothesis that the size of the epizootic in the brown rat is constant, the coefficients are observed to vary through such a wide range as to lead to the conclusion that there is little real aetiological relationship between the epidemic in man and the epizo6tic in the black rat. In this matter, as I am not disposed to admit the conclusion, the error must lie in the application of the method to a case in which it cannot properly be uised. Apart from the reasons given, the discrepancies found may also have part of their origin in certain definite differences between the phenomena of the disease, as seen. in man and as seen in the rat.
Referring again to Table III , where the constants describing the epidemic in man and in the rat in the different districts of Bombay are given for the year 1905-06, it is found that the value of I82 in man is consistently higher than in the rat, the values for man, the brown rat, and the black rat being respectively 4'40, 8350, and 3'16. It is difficult to account for this by any mere direct relationship connecting the number of fleas harboured by the rat with the mode of spread. A higher value of l,B in the epidemic in man than in the epizobtic Jn the rat might possibly arise if the fleas, on leaving the rat, had a progressively shorter life as the season advanced. This would, however, produce asymmetry in the curve describing the progress of the epidemic in man, a curve which is much more symmetrical than that in either species of rat. On the second theory the difference is quite easily explained, on the ground that the properties of the organism which permit the disease to spread in man are of a different quality from those which permit its spread in the rat, and that the concentration factor in relation to man is of more importance than in relation to the rat. This, again, is a point for observation, and not for theory. Referring again to Table III , in which, as before stated, it is shown that the correlation between the value of i82 for the epizootic in the two species of rat is 0 76, it is seen that the correlation of the same quantity with regard to the epidemics in man and in the black rat is only 0'20, and with regard to epidemics in man and in the brown rat is practically zero. It is difficult to see how such relationships can arise from purely statistical considerations, but there is no difficulty in imagining that local circumstances as regards housing, overcrowding, suitability for the preservation and transmission of fleas, &c., should have power to determnine that the form of the epidemic in man should be very nearly independent of the form of that in the rat. In any case the higher value of /2 suggests that man is more easily infected by plague than the brown rat, and still more easily infected than the black rat.
Brief Reviewv of the Statistical Literature regarding Plague.
It is now possible to review briefly the statistical conclusions deduced by previous workers on plague. The most important work from this point of view is that of Mr. Greenwood, issued in a series of reports by the Plague Commission. Mr 
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finds that endemic plague is chiefly associated with large towns, and that the smaller the town the more probable it is that outbreaks of plague will only occur at intervals. Further, he finds that there is a considerable degree of association between the size of a town into which plague has been introduced and the number of deaths which occur, a greater number of deaths occurring in small towns than in large towns in proportion to the number of inhabitants in each case. It may be stated that I think this is a necessary conclusion from my theory of the epidemic, but I have not at present worked out the mathematics, and hesitate to posit this definitely. Mr. Greenwood also finds that certain localities seem to be in some way protected against plague, while others seem more susceptible to infection by the disease than might be expected froin the theory of chance. He also discusses the method of entry, and shows that frequency of infection is associated with lines of commerce, railways or other, and comments on the mode in which the disease establishes a footing, questions which are of fundamental importance, but on which I have not touched. Though Mr. Greenwood comes to the conclusion that in any individual region the size of the epidemic cannot be correlated in any one year with any definite weather conditions, he is also quite convinced that certain conditions of humidity and temperature are almost essential to the spread of the disease. This conclusion is apparently received by all his fellow-workers, and is probably true with few exceptions. Mr. Greenwood does not, however, touch on the form of the epidemic except in individual instances, chiefly relating to epidemics in the districts of Amritsar and Gujrat, but he comes to the conclusion that the factors which cut an epidemic short are more determinate than those responsible for its commencement, an inference with which I take leave to differ. I am doubtful if district curves can be advantageously used in the first place to determine the forms of epidemics. The conditions are not sufficiently simple, but that is a question which must be left for future discussion.
The last Plague Supplement, the tenth, issued in May, 1917, contains an important paper by Major Gloster and Major White, in which some statistical investigations, mostly of a graphical kind, are made into the conditions under which plague spreads in the United Provinces in India. The conclusion arrived at by the authors is that humidity has a fundamental relation to the epidemic prevalence of plague; specially they-state that the humidity during the winter months is so regularly associated with severe epidemics of plague that they * are fully justified in concluding that one stands to the other as cause and effect; further, they come to the conclusion that this effect is exercised mainly through the influence of humidity on the length of the life of the flea when separated from its natural host. This supplement also contains a paper by Dr. Brookes on the influence of humidity and temperature on plague. Dr. Brookes introduces a new physical constant which he terms the saturation deficiency, a constant which expresses the drying power of the air rather than the humidity, and which may prove of great importance in future work. He advances the view that when the saturation deficiency increases to O3 and the temperature to 800 F. the epidemic tends to cease. He completely fails, however, to examine the course epidemics take in what he might consider ideal conditions for the spread of plague, a necessary preliminary to any such investigation as that which he has undertaken. His work is thus greatly invalidated.
I have calculated the saturation coefficient for a number of instances, and of these three are illustrated in the accompanying diagram at SAGE Publications on June 21, 2016 jrs.sagepub.com Downloaded from Section of Epidemiology and State Medicine (Diagram VII) . It thus seems that epidemics of plague similar not only to appearance but also in the value of their mathematical constants, can occur under three completely different conditions of temperature and humidity. It is specially to be noted that in the case of the epidemic in Poonah the epidemic rises to its maximumn and thereafter falls during a period when both the temperature and humidity are almost constant.
In conclusion, it may be stated that I do not think the requisite data exist at present to establish any but the roughest association between outbreaks of plague and weather conditions. To determine fine associations will require not merely more data but also mathematical treatment on lines not hitherto suggested.
APPENDIX.
In the previous pages the results obtained on various theories of epidemiology by Sir Ronald Ross and myself have been referred to and compared with the series of statistics relating to' the epidemics of plague during the last three centuries. For the convenience of those readers who desire to test the conclusions arrived at without special search through the literature I have tried to compress into a short note the present state of the mathematical theory. The methods are at present very incomplete and the solutions of the equations have hitherto only been obtained in a few simple cases. Two methods of approach to the subject have been used. In one of these the ordinate of the epidemic curve, which represents the number of new cases occurring per unit of time, is taken as the dependent variable, time being the independent variable: in the other the sum of all the cases which have occurred up to the instant examined is taken as the independent variable. The two methods are complementary.
For convenience the same terminology will be applied to both methods throughout the following notes. Let the epidemic curve be denoted by the equation y = f(t) the number of new cases at any instant is thus ydt or f(t)dt. If x be the sum of all the cases that have taken place up to time t then x is equal to Jt ydt or ftf(t)dt while dx is obviously equal to y.
Consider first the solutions given in terms of the ordinate y. The infectivity at any tnoment may be defined as the ratio of two ordinates of the epidemic curve taken at such intervals of time as seem convenient (practically this is the incubation period). ' This ratio may then be assumed to be some function of the time and of the ordinate. An equation of the following form thus arises Y:2 = o (t y) yi Using the notation of finite differences this becomes This law may be assumed to hold for the interval of time denoted by dt so that in the notation of the differential calculus 1 y. (t, dt Expanding the function on the right-hand side by the ordinary method, 1 + -di = 1 + dt log qp(t,Y)+ { log(t, y)
Proceeding to the limit this gives finally 1 dy tJ dt =log 4 (t, y) ... (1) The interpretation of this equation is comparatively simple. It means that ydt measures the whole amount of infecting material at the moment, and that the number of persons newly infected bears a relation to this amount defined by the function 4(t,y). The method as developed apparently requires that the incubation period of the disease should be infinitesimal, which, of course, never occurs in practice. This, however, is not necessary in all cases. The problems which can be most easily solved by this method are those in which the infecting organism is assumed to have iSs infectivity described according to some law, generally in terms of the time but not necessarily so.
Theorem I.-In the first place let it be assumed that the number of persons infected during an epidemic is so small in relation to the total population that the supply of susceptible units never becomes appreciably less, such a case, for instance, as in the epidemic of small-pox in London in 1902, when out of 6,000,000 persons only 6,000 contracted the disease. The simplest case on this hypothesis is that in which the infecting power of the organism decreases with time so as to be described by the terms of a geometrical progression. In other words the organism loses power of infecting according to the law of the uni-molecular reaction.
The infectivity is thus denoted by ePqt Corollary I.-The method by which the above result has been obtained requires that the rate at which the cases increase is directly proportional to the number of new cases occurring at that moment. This, however, need not be true. It may be assumed as possible that the greater the concentration of new cases the greater the action. Thus the relationship which is found to exist between density of population and the death-rate is such that the deathrate varies as the tenth root of the density. If the same law be assumed to hold in this case a second factor in the form yf must be introduced. Making Corollary II.-On the other hand it may be assumed that in the presence of an epidemic disease a certain amount of partial immunization takes place owing to slight exposures to the disease. In .this case a factor of the same nature yn may also be assumed, n however, being a small negative -quantity since increase in the concentration will tend on this hypothesis to make the population insusceptible. Taking n negative the equation is in the same form as that above but the solution of the epidemic form is now,
Theorem II.-In the preceding theorem and its two corollaries it has been assumed that the total number of cases of a disease bears a sufficiently small proportion to the total population to afford a practically uniform supply of susceptible units. This factor must, however, be taken into account: for simplicity the infectivity is assumed constant. Taking P as the total population of susceptible persons and x as the total number of cases up to any instant then it is obvious that, if K be the number of persons infected by one case at the beginning of the epidemic, at any subsequent time one case will affect on the average K 1-since the possibility of infection has decreased in the ratio P-x to P.* If the infectivity of the organism K remain constant we have from (1)
This equation cannot be integrated so as to express y in terms of t. It is, however, easily integrated and the solution is given later (Theorem VII).
Method II.
-Turning now to the second method, that introduced by Sir Ronald Ross, it may be noted that this method is essentially the same as that used in many equations in physical chemistry ahd that the reasoning on which the equations are formed in the two cases is essentially the same. In this case the total number of cases occurring up to any instant is denoted by x and * Sir Ronald Ross arrives at the same result by considering that the " happenings " fall alike on the uninfected and on those already infected. In the latter case the " happening " is wasted.
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at SAGE Publications on June 21, 2016 jrs.sagepub.com Downloaded from 118' Brownlee: Theory of Epidemiology and Plague dx the rate at which new cases occur by dt. Relationships between these two quantities are then assumed; This method is specially suitable in examining the manner in which the limitation of the number of susceptible persons may act in determining the course of an epidemic. Thus if the number of susceptible persons at the commencement of an epidemic be denoted by P at any subsequent time the number will be Px. Any law of infecting may be assumed introducing y, x, or t, so that the equation finally takes the form, dx 2 dt = P (y, x, t) (P-x) Theorern III.-The first case to which this hypothesis is applied by Sir Ronald Ross is that in which the infecting agent is distributed uniformly. The probability of infection at any instant thus remains in a constant ratio to the number of susceptible persons. The equation (2) disinfection as has been shown by Miss Chick. It probably also represents such a phenomenon as the rate at which numbers of a battalion at the front, exposed to a continual atmosphere of gas by the enemy, are sent to the rear.
Corollary.-This case can easily be extended to that in which the population is increasing uniformly at a definite rate. Such an instance may be considered given by the Royal Society, to which every year fifteen members are added. If the rate of death and resignation combined be assumed constant and equal to K the equation assumes the form, The equations of Sir Ronald Ross are given in this paper in a different form from that in which they were originally expressed. By a very ingenious process Sir Ronald Ross arrived at an equation identical in form with that given in Theorem IV. His x, however, is the ratio of the number of infected cases to a population which is assumed to vary. I think it better not to work with this ratio but to use x as the actual number of cases that have occurred up to any moment. This allows changes in the different conditions, such as the number in the population, to be introduced with less chance of error in the mathematics. It is better, however, to write the infecting factor as (a+x), a being the amount of introduced infection at the beginning of the epidemic. Thus we have, Theorem V.-Sir Ronald Ross considers next the case in which the individuals who have taken the disease cease to be infective and become again susceptible, the rate at which this change takes place being proportional to the number of infected persons at any time. If the number of reversals be denoted by c and the rate at which they are formed be delnoted by X, the following equations can at once be written down, d-t = K(a+x-0) (P+o-x) .... (n±ect )2 with an added portion. For certain ranges of values the epidemic curve may, as Sir Ronald Ross remarks, be dwarfed by the second part. The value of y approaches a constant limit with time as is obvious from general considerations. Theorem VI.-In this case it is assumed that a person once infected remains immune during the continuance of the epidemic. It is further assumed that the units infected lose power of infecting according to the law of the uni-molecular reaction. Denoting the total loss of infecting power by 4 and the rate at which the infected units lose infectivity by X, the equations can at once be written down-
The matter may, however, be looked at a little differently. As the number of persons infected at any time is y and as these lose their infecting power at the rate described by X the infecting power of those developing the disease -at any time T will be at time t y e-A (t-T) dT so that at time t the total amount of infecting power will be, 
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This integral cannot be used directly on account of its form. Choosing, however, suitable values of X and fC the form of the epidemic can be easily though laboriously calculated. If an integraph is at hand, however, the process is not difficult. The necessary calculations have been made and it is found that curves of Type IV result, not however symmetrical, but with the ascent more rapid than the descent, a curve of a form somewhat different to that which might have been expected from a consideration of the result in Theorem IV. When x approaches X in value the curve becomes symmetrical and closely approximates to the normal curve of error.
Theorem VII.-Let it be assumed that the period of infecting of an individual who develops the disease is very short in comparison with the length of the epidemic. Such a condition as this is seen in measles where children who have taken the disease are excessively infective during the first three days of illness, but as they are usually confined to their homes after the rash has appeared do little further damage. In this case writing the equation as in the previous paragraphs we have, which gives, C = a + x (log K-1) -(P-X) log 1-p if when x= 0 dx = 0 then C = 0 dt therefore, t + c =/ d X (10g K-1 )-(P-X) log (1 -p-In this case again t is determined as an integral of x. Using the integraph as already described it is found that in this case the descent of the epidemic is more rapid than the rise in contrast to what has been seen in the previous theorem.
A series of curves of this form have been calculated arithmetically by finite differences and are illustrated in the accompanying diagram (Diagram A).
The values of the chief constants of these curves are given in the accompanying table (Table A) . These values have been discussed in the body of the paper and donot require any further remark. The forms of the curve calculated by arithmetic very closely resemble those obtained from the differential equation. 
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* The minus sign signifies that the decline of the epidemic is more rapid than the rise.
The values given in this table, on account of the method of approximation, must only be taken as correct to the first two figures.
Note.-When the results of the last two theorems are compared it seems very probable that with some law of loss of infection lying between those considered symmetrical curves may be obtained.
Theorems VIII.-The effect of modifying factors now can be discussed. Returning first to Theorem I in which the infectivity of the organism disappears according to the law of the uni-molecular reaction, let us sippose that some condition tending to the progressive increase in the chances of infectivity is introduced. Such a factor, for instance, as a + bt may be placed against the This curve is asymmetrical and the descent of the epidemic is more rapid than the rise. This means that the maximum of the epidemic occurs later and as the infectivity is largely lost by this time the descent is rapid. Similarly it may be found by applying a factor 1 bt that when some progressively inhibiting influence is at work the form of the epidemic is so changed that the decline of the epidemic is less rapid than the rise. Such factors must be considered where the influence of such a condition as varying temperature on the progress of an epidemic is examined, a subject as yet hardly worked at.
It may be noted that in the case of the normal curve an exponential increasing or inhibiting factor alters the position of the maximum without changing the form of the epidemic. Theorem IX.-So far the population has been considered constant. Let, however, the number of susceptible persons per unit of time uniformly increase and equation (2) (02). dt Plotting the corresponding values of y and dy on squared paper and using the integraph we find that the form of the epidemic is again one in which the fall is more rapid than the rise and this to a greater extent than that found in Theorem VII. For the value K = 165 and p equal respectively to zero (Diagram B, a) and to 00015 per unit of the population (Diagram B, b) the forms of the curves of the two epidemics are shown. It is to be noted that in this case also, an adjuvant factor in the form of an increasing number of susceptible individuals leads to greater asymmetry, the epidemic ending more rapidly than in the case where no increase in the numbers of susceptible persons takes place. Log,, N = 2-228 --509 cos x + 012 cos 2x + -015 cos 3x
--364 sin x--034 sin 2x-*019 sin 3x where N is the number of epidemics in each month and the origin of x is in the middle of the month of June.
There are, however, great difficulties in interpretation: it is found, for instance, that the expression describes closely the number of notifications of enteric fever in London; when, however, the data for Australia are examined it is found that a simple sine curve fits the form much better. Again with regard to pneumonia in Australia the logarithmic fitting is exceedingly good, yet the simple sine curve applies nearly exactly to the phenomena observed in Glasgow.
The method by which Sir Ronald Ross tackles this part of the subject is to assume periodicity in the ordinate and to work back to the laws under which thiis may be produced. This is not a very satisfactory method. It is, in addition, difficult to interpret the results. Those who desire fuller information must refer to Sir Ronald Ross's own memoirs CONCLUSIONS.
Various conclusions may be deduced from the remarks in the preceding pages. In the first place it is to be noted that many completely different hypotheses relating to the infectivity of the organism, to the numbers of susceptible persons, and to the relation of those who take the disease to the number infected at any previous time, lead to equations which though not mathematically identical represent curves indistinguishable statistically. Thus it may be noted thai the equation Section of Epidemiology and State Medicine found in Theorem IV describes an epidemic form which is nearly identical with that found by Theorem I, Corollary I. Even supposing an epidemic ran rigidly according to the laws of infection used to develop the respective theories, a requirement which no epidemic can be expected to fulfil, it would be impossible to distinguish between the curves referred to unless the number of cases in the epidemic were at least 12,000: such numbers are very unusual.
In addition, it is to be noted, that the hypothesis underlying Theorem IV, namely that every infected person remains a source of infection from the date of infection to the end of the epidemic has no counterpart in fact, yet gives a form of curve which closely describes many epidemics. After working at this subject for a number of years I am quite convinced that nothing can be deduced as to the reasons for the definite course which epidemics pursue from a consideration of the curves of the epidemics themselves.
To distinguish true from false theory such extra details as have been discussed in this paper with reference to plague in the brown and black rat will have to be carefully considered. In this case we find that the amount of the disease is distinctly different in the two species, and yet the form of the epidemic in both cases is essentially the same. On the theory that an epidemic dies out from want of susceptible units this can only be explained so far as I can see if the incubation period of the disease in the black rat is about half that in the brown rat, whereas such evidence as is available points to the conclusion that it is rather longer. The method of spread of disease, when sufficient data have been collected, should throw light upon the subject, but in this case also the difficulty of disentangling the different threads will probably be very great.
DISCUSSION.
Mr. M. GREENWOOD: In my report of 19111 I think I was able to prove that although small villages were less likely to be attacked by plague than large ones, yet, when attacked,. they tended to suffer with especial severity. I also showed that the form of the relation between size and rate of mortality could be mathematically described on the assumptions, (a), that the number of initial foci, perhaps colonies of infected rats, increased more slowly than thei absolute population; and (b), that the actual density of population increased with size to a critical value. These fuppositions and the resultant mathematical form are congruent with, and partly explained by, Dr. Brownlee's hypothesis.
With respect to climatic conditions, I am in general agreement with Dr.
Brownlee. I had then only data of rainfall and temperature, and concluded that intra-seasonal variations of these were either not factors or were but trivi'al factors in comparison with more general determining agencies of mortality. If one takes in any district a series of, say, Aprils, and uses as variables, deaths from plague and rainfall or temperature, these variables are not found to be significantly correlated. What little correlation there is, could, if desired, be explained upon Dr. Brownlee's lines as due to cross association. On the other hand, if one considers the progress of an epidemic through any one season, the following results are suggestive. I assumed that the beginning of the epidemic might be regarded as the tail of a normal distribution and deduced therefrom the constants of the whole symmetrical distribution of which it, by hypothesis, formed a part. With this artificial frequency I compared the actual epidemic distribution. The result was that the ratio of observed to actual cases within each time unit (the unit was three weeks, the data those of Amritsar district 1906-7) fluctuated round unity until one reached the epoch at which the mean temperature exceeded the aVnnual mean by 100 or 120; then, for a brief period, the ratio exceeded unity, thereafter diminishing very rapidly. The suggestion-I do not put it higher-is that the epidemic law may be ultimately reducib-le to two main components:
(1) a symmetrical function, perhaps a normal function, dependent upon the life history of the organism; (2) another symmetrical function, not a normal function, descriptive of the meteorological sequence and perhaps a mirror of the changes in the insect carrier. Here, again, is nothing incompatible with Dr. Brownlee's main proposition. With respect to the choice of data for testing epidemiological laws', I am unconvinced by Dr. Brownlee's arguments that urban statistics are, at least so far as India is concerned, to be preferred to those of rural districts (not individual villages). On the contriqry, I suggest that the general returns from a wide yet self-contained rural district are the ' Journal of Hygiene, xi, Plague Supplement, least unsatisfactory material we have. I even think there is something to be said for the expedient adopted in my Congress Report'-viz., to use as the criterion of plague prevalence not deaths at all, but the numbers of villages first returning cases in successive months. With certain limitations and after the application of certain corrections, such data are of value. The statistical method adopted in Table II is open to criticism, while the interpretation of the correlations of Table III , like that of my rat-man correlation in 1908, may need revision when further particulars are available.
Mr. A. W. BACOT: The action of saturation deficiency in controlling the spread of plague by fleas is far from simple. In India, where there are at least two species of rats and two genera of fleas concerned, the normal flea population is influenced chiefly in the active larval state, and again during adult life, by periods of low humidity. Of the two fleas mainly concerned, Ceratophyllus fasciatus is, owing to the sewer haunting, underground habits of the brown rat (its correct host) and its own preference, when adult, to live in the rat's nest, less exposed to the dangers of drought during its larval stage, and during its adult stage as much exposed as, if not more exposed than, Xenopsylla cheopis. On the other hand, this last named flea, in its adult stage, spends more of its time travelling on the body of its host, the females dropping their eggs indifferently in the lairs or runs of the rat, where the larva) are more apt to suffer from saturation deficiency than those of Ceratophyllus fasciatus, while the adults have the advantage of frequent meals, and live in the humid atmosphere engendered by their host's skin. Under the conditions prevailing during an epizodtic, the adults of both species are adversely affected by the death of their host, Xenopsylle cheopis probably to an even greater *extent than Ceratophyllus fasciatus, while, if the fleas have reached that stage of infection which makes them active agents in transmitting the disease by their bite, their position on the death of their host is extremely critical. An element of "lagging" in the onset of bubonic plague in its relation to saturation deficiency is to be expected, because it will need some days of drought before the flea population is seriously reduced; but, once this has occurred, it is not surprising that a rapid decrease in plague mortality should occur in spite of falling temperature and increasing humidity. A theoretic point of some interest is that in temperate climates the effect of oncoming cold should produce a somewhat similar modification of the mortality curve to heat and drought, owing to the fleas being rendered dormant by cold on the death of their host.
Dr. REGINALD FARRAR: The Indian plague outbreaks on which Dr. Brownlee's curves were constructed were, for practical purposes, outbreaks running a natural course uncontrolled by effective administrative measures, for the chief incidence of the Indian plague epidemic occurred in years prior I Report to Section XVIII, International Congress of Medicine, London, 1913. at SAGE Publications on June 21, 2016 jrs.sagepub.com Downloaded from to the full development of the theory of rat-flea infection, and sanitary measures applied during this period were either ineffective or even worse than useless, for as long as the population remained in association with rats in their dwellings plague continued to spread in spite of isolation of patients, disinfection, or other administrative action. So-called disinfection or even demolition of infected areas tended even to propagate the disease, for the rats fled before the advance of the disinfecting parties and invaded other areas which had previously been free of disease. The only measures which proved effective -were evacuation of infected areas and so-called " health camping," the effects of which were reported to be " almost magical." When the population of an infected area could be deported in bulk into the country, leaving the rats behind them, plague returns fell with striking rapidity to zero. Such measures were practicable and were carried out in the case of small towns and villages, but were impracticable in large towns such as Bombay with an industrial and practically stationary population. The curves of outbreaks treated by measures of evacuation and " health camping " should be compared with those of the Bombay outbreaks and would probably show types very different from those shown by Dr. Brownlee. An outbreak which blazed up fiercely and burnt itself out rapidly, yet in which both the virulence and the infectivity were as active at the end as at the beginning, was the Manchurian plague of 1911. This was an outbreak purely of pneumonic plague; no bubonic cases occurred and the outbreak had no association with a rat epizootic, not a single infected rat having been found in the invaded areas, though careful search had been made for such. The outbreak had a fatality of practically 100 per cent., for. about 43,000 cases occurred, and only three recoveries were claimed, and even as to these three there was some doubt. Starting in Manchu-li, the frontier town between Siberia and Mongolia, the disease was carried by direct case to case infection to Harbin, Mukden, down the Liao-tung peninsula to Dairen, and across the Gulf of Pechili to Shantung, where it burnt itself out. The disease burnt itself out, not owing to any natural biological abatement in the virulence of the infecting organism, but owing to the vigorous system of isolation enforced. Official sanitary measures of isolation, house-to-house inspection, disinfection, &c., were carried out in such towns as Harbin, Mukden, and Dairen, but even in other towns and in villages where there was practically no efficient official sanitary organization, when once the general populace realized the terrible danger of the disease, unorganized but efficient isolation was enforced by general consent, a cordon being drawn round infected houses or even whole villages, food being deposited outside, and no one being allowed to enter or to leave the infected house or area, in which the inhabitants were left to die unaided. Many whole households or even whole villages were exterminated by this measure, but the epidemic progress of the plague was effectively limited. Similar measures have been taken in earlier plague outbreaks, and notably in the Derbyshire village of Eyam in 1666, where out of a village of some 500 inhabitants all but about thirty perished of plague.
Mr. W. D. BETENSON: The value of the curves will be increased by correction. Being a record of deaths they give no information of the number of cases nor of the proportion of recoveries. Administrative measures are not taken into account, which include (1) treatment,.
(2) early destruction of rats, (3) prophylactic inoculation, (4) evacuation. Evacuation, either voluntary or compulsory, temporary or permanent, has been the method of dealing with large epidemics in India in all ages. During the 1899 Poonah epidemic the greatest number of deaths per week was recorded when the population of 120,000 had been reduced by voluntary evacuation to 30,000. The actual deaths at this period were 1,000 to 1,200 per week. My experience in epidemics at Poonah and Johannesburg has been that the early cases of an epidemic are pneumonic, then numerous bubonic cases follow, and should pneumonic cases again become prevalent they herald an exacerbation of the epidemic.
Dr. BROWNLEE (in reply) stated that he was in general agreement with what Mr. Greenwood had said. At the present moment one of the chief' difficulties in epidemiology was to settle what data were the best. His own preference was for urban statistics but he did not, on that account, deny that very valuable conclusions might be drawn from the study of the statistics of' the country districts, in fact, it might be found that the number of villages attacked in a district would furnish a good basis for epidemiological induction.
In reply to Mr. Bacot, Dr. Brownlee said that the point raised that once the flea population was reduced it could not be expected, even in spite of falling temperature and increasing humidity, to again increase rapidly, was certainly most important and might explain part of the phenomenon observed in the epidemic in Rawalpindi in 1903, but he .could not accept it as the whole explanation.
Dr. Farrar's references to plague in Manchuria were most interesting and' Dr. Brownlee said that he had no doubt that the measures taken undoubtedly aided in preventing the spread of the disease. He could not admit, however, that the evidence regarding the continued virulence of the organism had any bearing on its infectivity. The bacteriologist has yet to learn the difference between power of infection and power of causing death. The word virulence should be restricted to the latter, but was at present used indiscriminately to include both. He had been able to find no record of any experiments designed to test infectivity carried out under rigorous conditions. Here and there there was a glimmering that infectivity and virulence were conditions requiring to be distinguished, but nothing more.
With regard to the remarks of Mr. Betenson, Dr. Brownlee said that they contained one point of great importance which required consideration. Mr. Betenson had stated that in the Poonah epidemic of 1899 the greatest number of deaths per week was recorded when the population of 120,000 had been reduced by voluntary emigration to 30,000. This would seem to be a phenomenon which should distinctly modify the course of the epidemic. The theoretical curve of the epidemic in 1899 does not fit the data with any-special accuracy; still the epidemic must be held to have the typical form. In this particular case, however, though the emigration must probably have produced a considerable effect on the total number of deaths it must be remembered that as the population decreased in number the means of infection increased, and that if the number of people exposed to infection fell to one-fourth, the proportionate number of fleas open to infect the remainder correspondingly rose. The form of a plague epidemic might, therefore, not be greatly altered even by a great reduction in the size of the population.
